A B S T R A C T Human erythrocytes incubated in medium containing 50 mm glucose have increased intracellular sorbitol and fructose concentrations as compared with samples incubated with 5 mm glucose. Increased medium glucose concentration did not significantly alter total glucose consumption or lactate production. However, the intracellular lactate: pyruvate ratio rose, the concentrations of fructose diphosphate, and triose phosphates increased, and the 2,3-diphosphoglycerate concentration fell. ['4C] 02 production from glucose-1-14C also increased with increased medium glucose concentration. These changes are believed to reflect changes in the redox states of the diphosphopyridine nucleotide/reduced form of diphosphopyridine nucleotide (NAD/NADH) and nicotinamide-adenine dinucleotide phosphate/reduced form of nicotinamideadenine dinucleotide phosphate (NADP/NADPH) couples resulting from increased activity of the polyol pathway. Addition of pyruvate to the incubation media prevented these changes. These studies illustrate that an increase in the red cell's normal substrate, glucose, can produce changes in red cell metabolism.
INTRODUCTION
The polyol pathway was thought to have restricted distribution in mammalian tissues, but recent studies have demonstrated that the initial enzyme of this sequence, aldose reductase, is present in most rat and rabbit tis-A portion of this material was presented at the 40th Annual Meeting of The Society for Pediatric Research, May 1970, Atlantic City, N. J.
Received for publication 21 September 1970. sues (1, 2) . The polyol pathway was first recognized in the accessory glands of the male genital tract (3) where it catalyzes the synthesis of seminal fluid fructose by the following reactions: This reaction sequence appears to operate essentially irreversibly in intact seminal vesicles, lens, and aorta, where it has been studied most thoroughly.
Interest in the activity of the polyol pathway in tissues other than the seminal vesicles has centered on the pathological potential of increased polyol pathway activity in hyperglycemic states (4) (5) (6) (7) . The Km for glucose of the aldose reductases that have been isolated from lens and other tissues are of the order of 10-'"102 M (2, (8) (9) (10) and the intracellular concentration of free glucose is thus a major determinant of the rate of sorbitol formation. Cataracts are consistently produced in lenses exposed to high concentrations of glucose and other substrates for aldose reductase (4) . The striking changes in water content, in metabolic activity, and in fine structure of the lens that result from increased ambient glucose concentration, have been attributed to the osmotic consequences of the elevated sorbitol (polyol) levels in the lens cells (4) .
In a previous report (11) we noted that sorbitol and free fructose are present in human erythrocytes in con-centrations that exceed those present in plasma. The erythrocyte levels of sorbitol and fructose increased with increasing ambient glucose concentration. When erythrocytes from normal males were incubated with 5 mm glucose, 3% of the glucose uptake was utilized for sorbitol and fructose synthesis. The fraction of the glucose uptake that could be accounted for by metabolism via the polyol pathway increased to as much as 11% when the medium glucose concentration was increased to 50 mm. These observations suggested that the polyol pathway is normally operative in human erythrocytes, and that its activity could be increased by increasing ambient glucose concentration. The observations that form the basis of this report are concerned with the metabolic consequences of increased polyol pathway activity in human erythrocytes.
METHODS
Blood samples were collected from healthy male adults in tubes containing dried sodium heparin.' The blood was centrifuged at 600 rpm for 10 min in a Model PR-2' centrifuge at 40C. The white cell and platelet-rich plasma were removed and the cells were washed three times with isotonic saline. Final erythrocyte suspensions contained less than 200 leukocytes/mm'. The washed erythrocytes were resuspended in twice their volume of Krebs-Ringer bicarbonate buffer, pH 7.4. The flasks were supplemented with varying quantities of glucose so that the final concentrations ranged from 2 to 50 mM.
After a 25 min period of equilibration at room temperature, zero time samples were removed for the determination of glucose, lactic acid, pyruvate, hematocrit, and red cell, and medium sorbitol and fructose. Sampling was repeated after 2 hr of incubation in a Dubnoff metabolic shaker, at 370C, at 80 oscillations/min. The atmosphere was 5%o C02 in air. The pH of the samples was maintained at 7.40 +0.02.
The whole suspension was utilized for the determination of glucose, lactate, and the glycolytic intermediates. Determinations of fructose and sorbitol were performed on the cells and medium after they had been rapidly separated by centrifugation at 2500 rpm for 5 min at 4°C. In some experiments, as noted in the text, sorbitol was determined in neutralized perchloric acid extract of the whole suspension.
Glucose was assayed spectrophotometrically (12) on Somogyi-Nelson filtrates by means of yeast hexokinase' and glucose-6-phosphate dehydrogenase.8 Lactate determinations (13) were performed spectrophotometrically on neutralized perchloric acid extracts of the whole suspension, unless stated otherwise. These same extracts were used for the determination of sorbitol, adenosine triphosphate (ATP), (14) ±366 nm, secondary filter 400 to 3000 nm). Glucose-6-phosphate, F-6-P, dihydroxyacetone phosphate (DHAP), glyceraldehyde-3-phosphate (G-3-P), F-1,6-diP, 3-PGA, 2-PGA, and PEP were determined using the assay conditions described by Lowry, Passonneau, Hasselberger, and Schulz (16) . Glyceraldehyde-3-phosphate, DHAP, and F-1,6-diP ("total triose phosphate") were assayed simultaneously as described by Keitt (17) . 2,3-diphosphoglycerate (2,3-DPG) was determined spectrophotometrically by the Schrbter and Heyden (18) modification of the method of Krimsky (19) . Sorbitol was determined by means of a fluorometric enzymatic assay using sheep liver Sorbitol dehydrogenase' as previously described (10) . This method is not specific for sorbitol since other polyol substrates such as xylitol may react under the conditions described. Xylitol was determined by means of a fluorometric enzymatic assay using xylitol: NADP oxidoreductase from pigeon liver. Before use the commercial enzyme was dialyzed for 18 hr against potassium phosphate buffer (0.035 M) pH 7.0, to remove glycerol. The complete system (1.0 ml) contained 100 Amoles carbonate-bicarbonate buffer pH 9.6, 0.05 Amoles NADP, 5 gmoles MgCl2, 5 jtmoles 2-mercaptoethanol, and 0.025 IU of dialyzed xylitol: NADP oxidoreductase. The assay is linear over the range of 0.25-5.0 nmoles of xylitol. The reaction was followed by means of an Eppendorf fluorometer modified according to the recommendations of Estabrook, Williamson, Frenkel, and Maitra (20) . Portions (0.20 ml) of neutralized perchloric acid filtrates of washed erythrocytes that had been incubated with 5 mm glucose for 2 hr were assayed for their xylitol content. In experiments using erythrocytes from three normal donors, no xylitol could be detected in the erythrocytes incubated with 5 or 50 mm glucose. If xylitol is present in the erythrocyte under these conditions, its concentration is less than 2.5 mjsmoles/ml of erythrocytes. In the same experiments the Sorbitol content, as assayed with sorbitol dehydrogenase, increased with increasing glucose concentration in each experiment (5.7 to 37.2 m/Amoles/ml red blood cell (RBC), 7.6 to 45.9, and from 15.4 to 84.9). Thus, the reported increase in the sorbitol content of the erythrocyte when incubated with increasing glucose concentration cannot be attributed to a rise in erythrocyte xylitol concentration under these conditions.
Fructose was determined by means of a fluorometric assay using fructokinase prepared from rat liver. The assay system contained potassium phosphate buffer pH 7.0 (50 mM), KCL (10 mM), MgCl2 (5 mM), phosphoenolpyruvate (0.8 mM), ATP (0.05 mM), NADH (0.02 mM), lactic dehydrogenase from rabbit muscle (7.5 IU), and pyruvate kinase from rabbit muscle' (1.5 IU) in a final volume of 1.0 ml. The reaction resulting from the presence of pyruvate in the samples was completed within 2 min, and at ethylene glycol succinate; F-1, 6-diP, triose phosphates and fructose-1,6-diphosphate; F-6-P, fructose-6-phosphate; G-6-P, glucose-6-phosphate; G-3-P, glyceraldehyde-3-phosphate; PEP, phosphoenolpyruvate; 2-PGA, 2-phosphoglyceric acid; 3-PGA, 3-phosphoglyceric acid; Pi, inorganic phosphate; RBC, red blood cell; TMS, trimethylsilyl.
5Brinkmann Instruments, Inc., Westbury, N. Y. 'Boehringer-Mannheim Corp., New York. 7Boehringer-Mannheim Corp. Values expressed as the mean ±SD of 11 experiments. * Sampling of entire incubation mixture.
that point, 1.0 IU of an ammonium sulfate suspension of rat liver fructokinase (20 IU per mg) was added and the subsequent decrease in fluorescence due to the oxidation of NADH was determined. The reaction was completed within 10-15 min. The assay is linear for fructose over the range of 0.125-1.5 m~emoles in the presence of pyruvate concentrations as high as 5.0 mumoles/ml. In practice, the pyruvate concentration of the samples was determined initially and the assay for fructose carried out with portions containing less than 2.0 m/Amoles of pyruvate. Glucose in concentrations as high as 10 Amoles/ml do not interfere with the assay for fructose. It has been reported that Dxylulose and L-sorbose are also substrates for rat liver fructokinase, and it is possible that naturally occurring Dxylulose may contribute to the estimates of free fructose obtained by this enzymatic assay. We have previously reported that fructose can be demonstrated in erythrocytes and incubation medium by means of a gas-liquid chromatographic technique (11) . However, the small quantities of free fructose that appear in the incubation media could not be accurately quantified in the presence of 50 mm glucose. For this reason the enzymatic assay for fructose was developed and utilized in these studies. Gas-liquid chromatographic identification and quantification of fructose, "sorbitol" and other free sugars and polyols in erythrocytes was carried out as follows. Washed erythrocytes were incubated for 2 hr in medium containing 5 or 50 mm glucose as described above. At the end of the incubation the suspensions were rapidly centrifuged and 2.0 ml portions of the erythrocyte layer (hematocrit 90%) were pipetted into tubes containing 8.0 ml of Ba(OH)2 (0.3 N), and 1.0 ml of H20 containing 10 leg of a-methylmannopyranoside as an internal standard. After the cells had lysed, 8.0 ml of zinc sulfate (5%) was added and the protein free-filtrate obtained by centrifugation. 10-ml portions were evaporated to dryness at room temperature and the trimethylsilyl (TMS) ethers of the sugars and polyols present in the extract were prepared by the method described by Sweeley, Bentley, Makita, and Wells (21) . The samples were analyzed by means of a Packard instrument' gas-liquid chromatographic apparatus using a 12 foot column of 15% ethylene glycol succinate (EGS) on 80/100 Chromosorb W9 at 1650C with a hydrogen flame detector.
For the determination of red cell [1-14C] 02 production, red cell suspensions were supplemented with glucose-1-AC°( 137,000 cpm/Amole) in concentrations ranging from 2 to 20 mm and incubations were conducted in 25-ml flasks with 8Packard Instrument Co., Downers Grove, Ill. Supelco, Inc., Bellefonte, Pa. New England Nuclear Corp., Boston, Mass. disposable rubber stoppers and removable plastic wells. After a 2 hr period of incubation, the reactions were terminated by the addition of 0.5 ml of 0.5 N perchloric acid and 0.3 ml of hydroxide of Hyamine' was added to the center wells. Trapping of C02 was allowed to occur for 1 hr, after which time the center wells of the incubation flasks were removed and placed in scintillation vials containing 15 ml of 4.2% Liquifluor ' (diluted in toluene).
Incubation studies in the presence of sodium pyruvate or sodium barbital were performed at 5 and 50 mm glucose, using the same methods of incubation and sampling as described above.
After 2 hr of incubation at 5 and 50 mm glucose, the osmotic fragility of the erythrocytes was tested by the methods described by Dacie and Lewis (22) . Cells were tested both before and after washing in 0.9% NaCl containing 5 mm glucose.
In order to assess the leukocyte contribution to the Sorbitol and fructose measured in the extracts of the red cell suspensions, leukocyte-rich plasma was prepared by dextran sedimentation of whole heparinized blood. The supernatant plasma containing a total of 8-10 million leukocytes was centrifuged and the leukocyte button then extracted in perchloric acid and neutralized.
RESULTS
Erythrocyte sorbitol and fructose. Incubation with 50 mm glucose resulted in a significant increase in the concentration of sorbitol in the erythrocyte, as determined by means of fluorometric assay employing sheep liver sorbitol dehydrogenase (Table I) . As noted in Methods, xylitol could not be detected in erythrocytes incubated with 5 or 50 mm glucose. Confirmation of the interpretation that the material measured is sorbitol was obtained by gas-liquid chromatographic analysis of the trimethylsilyl ethers prepared from protein-free filtrates of erythrocytes that had been incubated with 5 and 50 mm glucose. As shown in Fig. 1 , small, but distinct peaks having the retention time of fructose and hexitol were present in filtrates prepared from cells incubated with 5 mm glucose. The quantities of fructose and hexitol were significantly increased in filtrates prepared from cells that had been incubated with 50 mM glucose. It should be noted that no distinct xylulose obtained by assay with sorbitol dehydrogenase has been 5 mM Glucose clearly excluded. It appears reasonable to conclude that most of the "sorbitol" measured by assay with sorbitol dehydrogenase in the erythrocyte is in fact sorbitol. Sorbitol dehydrogenase is known to be present in the erythrocyte (23); the product of sorbitol oxidation by sorbitol dehydrogenase is fructose. Free nonphosphorylated fructose is present in erythrocytes incubated with 5 mm glucose ( Fig. 1 ) and the concentration is higher in cells incubated with 50 mm glucose. It should also be noted that the levels of L-xylulose present in the -1 erythrocytes incubated with 5 or 50 mm glucose were undetectable ( Fig. 1 ) and could not materially influence * the values of erythrocyte fructose obtained by assay with fructokinase. These observations confirm our previous conclusion that increased ambient glucose concentration results in increased erythrocyte concentra--' ' tions of both sorbitol and fructose.
mM Glucose
Glucose consumption, lactate to pyrievate ratios. There was no significant difference in glucose consumption or lactate production by washed erythrocytes incubated with 5 or 50 mm glucose for 2 hr (Table I) . As anticipated from our previous observations, there was a significantly higher concentration of sorbitol in the erythrocytes incubated with 50 mm glucose (Table I) . The total lactate recovered in the incubation suspension (erythrocytes plus medium) was unaltered by increasing the medium glucose concentration, however, the total pyruvate recovered was markedly decreased when 50 mm glucose was present (Table I) . As a consequence, the ratio of lactate: pyruvate recovered in the incubation suspension at the end of the incubation rose from 69: 1 to 193: 1 with increasing medium glucose concentration. In experiments in which the lactate and pyruvate concentrations were determined in erythrocytes separated 40 50 (D plus L) or xylitol peak could be demonstrated in filtrates from cells incubated with 5 or 50 mm glucose.
While the system employed in these studies does not permit the separation of sorbitol from other hexitols, the possibility that xylitol contributed to the values from incubation medium, the lactate: pyruvate ratio was 76: 1 in cells that had been incubated with 5 mm glucose and 192: 1 in cells that had been incubated with 50 mm glucose. In these experiments the ratio of lactate: pyruvate in the incubation medium rose from 21: 1 to 170: 1 with increasing medium glucose concentration. Levels of glycolytic intermediates. A comparison of the levels of glycolytic intermediates present in erythrocytes, that had been incubated with 5 and 50 mm glucose (Table II) , demonstrated a strikingly higher concentration of "total triose phosphates" in erythrocytes incubated with 50 mm glucose. There was, in addition, a lower concentration of 2,3,-DPG in erythrocytes that had been incubated with 50 mm glucose (Table II) . Values expressed as mpmoles/ml RBC.
The difference in 2,3-DPG concentration in paired samples incubated with 5 and 50 mm glucose was statistically significant (Table III ). The concentration of glycolytic intermediates other than "total triose phosphates" and 2,3-DPG were similar in cells that had been incubated in 5 and 50 mm glucose (Table II) .
In four subsequent experiments the effects of increasing medium glucose concentration on the individual components of "total triose phosphates" were examined. The levels of F-1, 6-diP, G-3-P, and DHAP were all higher in cells that had been incubated with 50 mM glucose. The mean F-1, 6-diP was 8.9 m/Amoles/ml RBC's with 5 mm glucose and 95.7 with 50 mm glucose. Similarly, the mean G-3-P concentrations were 3.1 and 57.8 m/Amoles/ml RBC's with 5 and 50 mm glucose, and the mean DHAP concentrations were 20.9 and 214.1 mtmoles/ml RBC's with 5 and 50 mm glucose.
The possible contribution of leukocytes in the washed red cells to the values obtained for the concentrations of sorbitol and glycolytic intermediates was examined. As noted in Methods, the final erythrocyte suspensions contained less than 200 leukocytes/mm8. The levels of glycolytic intermediates in neutralized perchlorate filtrates prepared from 8 to 10 X 106 leukocytes were undetectable by the methods employed in these studies. The concentration of sorbitol averaged 14.7 miemoles per 107 leukocytes. These findings suggest that leukocyte contamination does not significantly contribute to the values for sorbitol or glycolytic intermediates reported herein.
Effect of sodium pyruvate. When sodium pyruvate (3 mM) was present in the medium the concentration of "total triose phosphates" in erythrocytes incubated with 50 mm glucose was 1/50th that of erythrocytes incubated with 50 mm glucose alone (Table IV, A). The presence of pyruvate thus prevented the marked accumulation of "total triose phosphates" that occurs when erythrocytes are incubated with 50 mm glucose. After cells had been incubated with 50 mm glucose for 1 hr the addition of as little as 0.25 mm pyruvate to the medium not only prevented further "triose phosphate" accumulation, but restored their concentration toward base line values (Table IV, B ). We found, as previously described by Rose and Warms (24) , that 0.25 mm pyruvate does not stimulate pentose-phosphate pathway activity. Incubation with sodium barbital. When washed erythrocytes were incubated for 2 hr with 5 and 50 mM glucose in the presence of 3.3 mm sodium barbital, sorbitol accumulation was markedly inhibited. There was a corresponding diminution in the metabolic alterations that usually accompany exposure to 50 mm glucose, such as a rise in the lactate: pyruvate ratio, accumulation of "total triose phosphates" and a decrease in 2,3-DPG concentration (Table V) .
[1-"C]Os production. With increasing media glucose concentration, there was an associated increase in the red cell [1-'C] 02 production (Table VI) . Because there was no increase in over-all red cell glucose consumption, this resulted in an increase in the per cent of glucose consumed that appeared as [E-14C]02. The shunt activity rose from a mean of 5.2% at 2 mm to 9.0% at 20 mm glucose.
When cells were incubated with glucose-2-"C at varying medium glucose concentrations, no such increase in carbon dioxide production was observed. Osmotic fragility studies. When osmotic fragility was examined in washed red cells that had been incubated with 5 and 50 mm glucose for 2 hr, the cells incubated in 50 mm glucose showed decreased resistance to osmotic stress. However, when these cells were washed in physiologic saline or saline with 5 mm glucose expressed as mumoles/ml before testing, the osmotic fragility of both the 5 and 50 mm samples was within the normal range.
DISCUSSION
The glucose concentration in human erythrocytes approximates that of the ambient medium glucose concentration (25) , and under physiological conditions it is far in excess of the Km's for glucose of the erythrocyte hexokinases (26) . It follows that under most circumstances, the ambient glucose concentration, and the rate of intracellular transport of glucose is not rate limiting for glucose metabolism by the major pathways that require its initial phosphorylation to glucose-6-phosphate.
In previous investigations (11) we had observed that the concentration of sorbitol in washed human erythrocytes rose from 20.9 to 89.6 msmoles/ml of RBC during a 2 hr incubation when the medium glucose concentration was increased from 5 to 50 mm. This increase in erythrocyte sorbitol concentration was associated with an increase in erythrocyte fructose concentration from 37.6 to 96.7 memoles/ml RBC and an increase in the quantity of free fructose recovered in the medium. These observations suggested that glucose conversion to sorbitol and fructose was increased in human erythrocytes as a consequence of the increased intracellular concentration of glucose. The data presented in this report support this conclusion. The enzyme responsible for the reduction of glucose to sorbitol in human erythrocytes has not not been isolated as yet. Both aldose reductase (alditol: NADP oxidorectase) and L-gulonate: NADP oxidoreductase isolated from mammalian tissues catalyze the NADPH-dependent reduction of glucose when the sugar is present in sufficiently high concentrations. However, the Km's for glucose of the L-gulonate: NADP oxidoreductases isolated from mammalian tissues are so high that it is doubtful that glucose is a substrate under physiological conditions (2, (8) (9) (10) . In human aorta, aldose reductase has a Km glucose of the order of 10-' M; the Km for glucose of the L-gluonate: NADP oxidoreductase in the same tissue is in excess of 2.0 M. The presence of sorbitol in freshly isolated erythrocytes from normal humans, therefore, suggests that the enzyme responsible for sorbitol formation is the ubiquitous alditol: NADP oxidoreductase.
The high Km glucose of the enzyme(s) responsible for the synthesis of sorbitol in most mammalian tissues provides an adequatae explanation for the increased rate of sorbitol and fructose synthesis which results from increased intracellular glucose concentration in human erythrocytes. Sorbitol dehydrogenase is known to be present in human erythrocytes and is presumably responsible for the oxidation of sorbitol to fructose (23) . The normal function of the polyol pathway in human erythrocytes is unknown, although it accounts for 2-3% of the glucose uptake at physiological ambient glucose concentrations and as much as 11% at 50 mm glucose (11) .
The data presented in this report indicate that increasing intracellular glucose concentration, by raising the medium concentration from 5 to 50 mm, does not significantly alter total glucose consumption or the rate of lactate production. There is, however, a marked increase in the ratio of erythrocyte lactate to pyruvate concentrations which results primarily from a decrease in pyruvate. Krebs and Veech (27) have pointed out that the steady states of a number of NAD-dependent dehydrogenase reactions in the cytoplasm are in near equilibrium. (For example, the mass action ratios of these systems closely approximate the equilibrium constant of the reaction.) In liver the levels of lactic dehydrogenase activity are sufficiently high that the oxidized and reduced metabolites of the system are practically in equilibrium with the free nucleotides according to the equation: (ATP(P).
G-3-P (ADP)
There is no significant change in ATP in erythrocytes incubated with 50 mm glucose. If one assumes that there are no significant changes in ADP or inorganic phosphate (Pi) under these conditions, a decrease in the ratio of (free NAD)/(free NADH2) indicated by a change in the (pyruvate)/(lactate) ratio, would result in a decrease in the 3-PGA/G-3-P ratio. This would result in a rise in the steady state levels of G-3-P, DHAP, and fructose-1,6-diP, since Minakami and Yoshikawa have demonstrated that the over-all reaction catalyzed by aldolase and triose phosphate isomerase is in a near-equilibrium state. This interpretation is supported by the observation that the addition of pyruvate which results in an increased (free NAD)/(free NADH2) ratio by means of its reaction with the lactic dehydrogenase system, reduces the concentrations of G-3-P, DHAP, and fructose-1,6-diP in erythrocytes incubated with 50 mM glucose.
The reduced (free NAD)/(free NADH) ratio in erythrocytes incubated with 50 mm glucose probably results from increased sorbitol oxidation to fructose by the NAD linked sorbitol dehydrogenase. This speculation is supported by the observation that barbital, which inhibits sorbitol synthesis by aldose reductase " or L-gulonate: NADP oxidoreductase (29), reduced the lactate:pyruvate ratio. Under these circumstances there was a significant reduction in the levels of total triose-phosphaate. Asakura, Adachi, Minakami, and Yoshikawa (30) found that the addition of 10 or 100 mm xylitol, a substrate for sorbitol dehydrogenase, resulted in significant increases in erythrocyte DHAP concentration in cells incubated with 10 mm glucose. Under these conditions a significant increase in the lactate to pyruvate ratio was also observed.
The increase in sorbitol production with increasing medium glucose concentration also appears to result in an increase in the free NADP/free NADPH ratio. This is reflected in the increase in 1-14C 02 production by the red cell at increasing glucose concentrations, since under normal circumstances, the NADP concentration regulates the activity of the pentose phosphate pathway at the glucose-6-phosphate dehydrogenase (G-6-PD) step (31) . Kinoshita, Futterman, Satch, and Merola (32) observed a linear increase in [1-14C] 02 production in rabbit lens when incubated with 5 to 30 mm 1-'4C-glucose. These workers interpreted their results in a similar fashion.
The decrease in the concentration of 2,3-DPG in erythrocytes incubated with 50 mm glucose, and the unaltered rate of lactate production forces the consideration that under these circumstances 2,3-DPG makes a significant contribution to lactate and ATP production. It has recently been reported (33) that in the erythrocyte deprived of glucose, 2,3-diphosphoglycerate disappearance can be quantitatively accounted for by ATP and lactate production during short periods of incubation.
The observation that the erythrocytes of diabetics with hyperglycemia have an increased sorbitol content (11) , suggests that other metabolic alterations in red cell metabolism, such as a decreased 2,3-diphosphoglycerate concentration, may occur in vivo as a consequence of increased polyol pathway activity. 2,3-Diphosphoglycerate is the erythrocyte organic phosphate that is quantitatively most important with respect to modulation of hemoglobin oxygen affinity. A change in 2,3-diphosphoglycerate concentration of approximately 0.5 umoles/ml RBC's produces a corresponding change in the P5o (the partial pressure of oxygen required for 50% saturation of hemoglobin) of 1 mm Hg (34) . Prolonged hyperglycemia might thus be anticipated to produce a lowering of red cell 2,3-DPG and an accompanying increase in the affinity of hemoglobin for oxygen. Although the red cell 2,3-DPG concentration has previously been found to be reduced in diabetics with ketoacidosis (35) this decrease has been attributed to the low blood pH rather than to the associated hyperglycemia.
In this study, no osmotic consequences of polyol accumulation in the erythrocyte could be demonstrated. Although the physiologic role of the polyol pathway remains to be determined, the results of the study of this pathway appear to provide the first example of an alteration of normal red cell metabolism produced by an excess of its normal substrate glucose.
